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ABSTRACT 15 
Declining soil quality is commonplace throughout Southern Asia and sustainable strategies 16 
are required to reverse this trend to ensure food security for future generations. One 17 
potential solution to halt this decline is the implementation of integrated nutrient 18 
management whereby inorganic fertilisers are added together with organic wastes. These 19 
organic materials, however, are often quickly broken down in soil and provide only a 20 
transitory improvement in soil quality. Biochar, which can potentially persist in soil for 21 
centuries, may offer a more permanent solution to this problem. To address this, we 22 
undertook a 2-year field trial to investigate the interactions between conventional NPK 23 
fertilisers, farmyard manure (FYM) and biochar in a maize cropping system. Biochar 24 
application to the nutrient poor soil increased maize yields after year one by approximately 25 
20% although the yield increase was lower in the second year (ca. 12.5%). Overall, there was 26 
little difference in grain yield between the 25 t ha-1 and the 50 t ha-1 biochar treatments. In 27 
terms of soil quality, biochar addition increased levels of soil organic carbon, inorganic N, P 28 
and base cations and had no detrimental impact on pH and salinity in this calcareous soil. 29 
Overall, this field trial demonstrated the potential of biochar to induce short-term benefits 30 
in crop yield and soil quality in maize cropping systems although the long-term benefits 31 
remain to be quantified. From a management perspective, we also highlight potential 32 
conflicts in biochar availability and use, which may limit its adoption by small scale farming 33 
systems typical of Southern Asia.  34 
 35 
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1. Introduction  38 
Progressive declines in soil quality and poor nutrient use efficiency continue to hamper 39 
agricultural productivity and food security in many developing countries (Vagen et al., 2005; 40 
Jones et al., 2013). These problems are further exacerbated by increasing pressures on 41 
agronomic systems posed by increases in human population growth and urbanization, 42 
uncertainties in the global climate and the need for agriculture to deliver a range of other 43 
ecosystem services in addition to food production (e.g. carbon sequestration, biodiversity, 44 
flood risk mitigation, water quality; Lal, 2009). There is therefore an urgent need to redesign 45 
agroecosystems to rectify the wide range of inefficiencies that exist in the system including 46 
disconnects in nutrient supply, demand and recycling as well as those in water use efficiency 47 
(Lal et al., 2013). One potential solution includes the recycling of organic nutrients back to 48 
land which can help sustain soil organic matter levels which in turn typically brings about 49 
improvements in soil biological functioning, aeration, moisture retention, reduced 50 
compaction, pollutant attenuation and nutrient supply (Girmay et al., 2008). The types of 51 
organic matter that can be potentially added to soil are diverse ranging from crop residues, 52 
green manures, industrial wastes, animal wastes and household waste (Ali et al., 2011; 53 
Quilty and Cattle, 2011). However, their addition can have a range of benefits or even 54 
negative effects depending on the quality of waste added and the level of contaminants 55 
present (Jones and Healey, 2010). It is also likely that synergies may exist between the 56 
different organic wastes and thus co-application may represent the best option for 57 
maximizing the delivery of a range of ecosystem services.   58 
The application of pyrolysed organic matter (biochar) to soils is currently gaining 59 
considerable interest worldwide due to its potential to improve soil nutrient retention 60 
capacity (through the sorption or stabilisation of nutrient ions), water holding capacity and 61 
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to sequester carbon in a largely recalcitrant form from decades to possibly thousands of 62 
years (Downie et al., 2009; Spokas et al., 2012). Although there is strong economic and 63 
social competition from the use of charcoal as a domestic fuel source (Maes and Verbist, 64 
2012), there is no doubt that it is applicable for use in arable systems where it can be readily 65 
incorporated into soil. However, before we can advocate the wide-scale adoption of biochar 66 
to resource poor farmers in developing countries, we must first provide the evidence base 67 
to show that it is beneficial in both agronomic and economic terms. A number of studies 68 
have reported positive effects of biochar amendments on maize yields and soil properties 69 
(Cornelissen et al., 2013; Zhang et al., 2012), whilst others have reported no net effect 70 
(Jones et al., 2012) suggesting that the response may be to some extent specific to 71 
particular environmental conditions and soil types, or agronomic practices, e.g. differences 72 
in crop cultivar or fertiliser and pesticide applications. Compared to biochar research in the 73 
temperate soils of Europe and North America, relatively little work has been undertaken on 74 
the potential use of biochar and its effects on the behaviour of organic and inorganic 75 
nutrients in semi-arid regions of the world where improvements in soil quality and food 76 
security remain critical. Although there are a growing number of studies investigating the 77 
effect of biochar application to tropical soils, many of these focus on acidic soils and the 78 
liming effect of biochar (Major et al., 2010). Subsequently, there is a significant lack of data 79 
on biochar amendment of agronomic calcareous soils in semi-arid areas such as regions of 80 
northern Pakistan.  81 
As the supply of fertilizers in Pakistan is limited by a range of socioeconomic, political 82 
and geographical constraints, alternative sustainable strategies are required to optimize 83 
fertiliser integration (Gandah et al., 2003; Schlecht et al., 2006). Low fertilizer-use-efficiency 84 
and losses to the environment, e.g. through leaching, are major environmental problems 85 
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both in Pakistan and globally, and there is an urgent need for research that aims to improve 86 
fundamental efficiencies of crop nutrient use (Tilman et al., 2002; Sanchez, 2002; Arif et al., 87 
2015). The aim of the present study was therefore to determine the effectiveness of 88 
biochar, farmyard manure (FYM) and mineral nitrogen alone and in various combinations on 89 
aspects of crop yield and soil quality in maize cropping systems. Maize was chosen as the 90 
trial crop as it contributes >10% of the total agricultural produce and 15% of agricultural 91 
employment in Pakistan, the major share of which (over 50%) originates from small land-92 
holding farmers, who produce mostly for their own food needs (FAO, 2014). Within these 93 
farming systems, the intrinsically low fertility of the soil and increasing prices of chemical 94 
fertilizers represent the major constraints to increasing maize yields (Khan and Shah, 2011). 95 
The need to simultaneously increase yields, decrease production costs and maintain soil 96 
health has therefore become a major challenge in semi-arid agroecosystems (Anjum et al., 97 
2010). 98 
 99 
2. Materials and methods  100 
2.1. Experimental site 101 
The trial site was located at the New Developmental Farm of the University of 102 
Agriculture, Peshawar (34°1’21”N, 71°28’5”E) and the experiment was started in the 103 
summer of 2011. The site has a warm to hot, semi-arid, sub-tropical, continental climate 104 
with mean annual rainfall of 360 mm. Summer (May–September) has a mean maximum 105 
temperature of 40C and mean minimum temperature of 25C. Winter (December to the 106 
end of March) has mean minimum temperature of 4C and a maximum of 18.4C. The 107 
average winter rainfall is higher than that of the summer. The highest winter rainfall has 108 
been recorded in March, while the highest summer rainfall is in August. %. The soil is a silty 109 
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clay loam, well drained and strongly calcareous (pH 8.23 ±0.09), with an electrical 110 
conductivity (EC) of 166 ±28.5 µS cm-1 and an organic matter content of less than 1%. The 111 
soil is deficient in nitrogen (23.72 ±1.75 mg kg-1) and phosphorus (3.20 ±0.50 mg kg-1) but 112 
has adequate potassium (85.80 ±6.56 mg kg-1). 113 
 114 
2.2. Experimental design 115 
The study consisted of three levels of biochar (0, 25 and 50 t ha-1), two levels of FYM 116 
(5 and 10 t ha-1) and two levels of fertilizer-N (urea) (75 and 150 kg ha-1) together with a 117 
control treatment (no biochar, FYM or fertilizer-N). A summary of the treatments and their 118 
abbreviations are provided in Table 1. Biochar and FYM were applied at the time of sowing 119 
at the beginning of year 1, and reflected typical FYM doses for the region. Half of the 120 
fertilizer-N was applied at sowing and the remaining half applied at the 8 leaf stage (V8). 121 
Single super phosphate (SSP) was applied at the rate of 90 kg ha-1 as a basal dose. Diary 122 
cattle FYM was obtained from the Peshawar University of Agriculture dairy farm and the 123 
biochar was produced from Acacia (e.g. A. nilotica (Linn.) Delile) using traditional methods 124 
employed in the region (Amur and Bhattacharya, 1999). No commercial biochar production 125 
takes place in the Khyber Pakhtunkhwa region of Pakistan; however, a limited amount is 126 
produced domestically using small biochar furnaces. The biochar was prepared in an 127 
enclosed dome shaped room, with several small holes made in the roof which were sealed 128 
after about 12 h burning. The feedstock was composed of cuttings from the main stem and 129 
branches of > 3 y old Acacia trees with a trunk diameter greater than 15 cm. The highest 130 
temperature reached during pyrolysis was between 400 to 500 OC, and the final ash content 131 
of the biochar was 27 %. Characteristics of the FYM and biochar are shown in Table 2. 132 
The experiment had four replicates per treatment, and was laid out in a randomized 133 
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complete block design. The treatment plots were 4.0 m x 4.5 m in size with strong ridges 134 
placed around each plot for delineation and to prevent biochar migration. Between row and 135 
within row distance was 75 cm and 20 cm, respectively. The field was ploughed twice down 136 
to a depth of 30 cm, followed by planking to break the clods and level the field taking care 137 
not to disturb the ridges and to facilitate biochar movement from one plot to another. 138 
Biochar was crushed and sieved to pass 2 cm, spread uniformly on the surface of the soil of 139 
each sub plot and then ploughed-in with a rotivator, which thoroughly mixed the biochar 140 
into the soil surface to a depth of about 15 cm. Maize (Zea mays L.) cv. ‘Azam’ (Cereal Crops 141 
Research Institute, Nowshera, Pakistan) was sown at a rate of 30 kg ha-1 on July 1st, 2011 142 
and thinned about 15 days after emergence to maintain plant to plant distance of 20 cm and 143 
a density of 60,000 to 70,000 plants ha-1.  The crop was irrigated ten days after sowing and 144 
then again usually every 15 days with adjustment according to rainfall. The crop was 145 
specifically irrigated at the critical growth stages of tasseling, silking, cob and grain 146 
development. The volume of water applied during irrigation was 340 m3 per ha-1. Weeds 147 
were controlled manually by hoeing between the ridges with a blade digger about 20 days 148 
post emergence. Pesticides were applied at the eight leaf stage (Lorsban® 40EC- 149 
(Chlorpyriphos, OP at 5 ml l-1) to protect against stem borer. 150 
 151 
2.3. Crop harvest 152 
At harvest (Oct 1st, 2011), the following maize yield components were recorded: 153 
total aboveground biomass, grain yield, number of ears m-2, number of grains per ear and 154 
the thousand grain weight. To determine total above-ground yield (t ha-1), the plants from 155 
the four central rows in each plot were harvested, sun dried (until constant weight) and 156 
weighed. The ears from these harvested plants were then removed, threshed and grain 157 
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yield (t ha-1) calculated. Ears were counted in the four central rows of the standing maize 158 
crop in each plot. Thousand grain weight was calculated from a sub-sample from of each 159 
plot.  160 
 161 
2.4. Soil quality analysis 162 
Three replicate soil samples were taken from 0-15 cm depth within a week of 163 
harvest. Soil carbon was determined by the Walkley-Black procedure (Nelson and Sommers, 164 
1996). Carbonates were not removed before soil C determination, but an excess amount of 165 
dichromates was used to oxidize all possible organic C. Total mineral N in the soil samples 166 
was determined after KCl extraction by the steam distillation method as described in 167 
Mulvaney (1996). Soil pH and EC were measured in a saturated soil-water (1:1 w:v) paste 168 
extract under vacuum (Rhoades, 1996), using a pH meter (InoLab pH 720, WTW Series, 169 
Germany) and an EC meter (EC Meter 4510, Jenway, UK). Plant-available P and K in soil were 170 
determined in an ammonium bicarbonate-DTPA extract (1 M NH4HCO3, 0.005 M DTPA; pH 171 
7.6) either colorimetrically (P) or by flame photometry (K) according to the procedure 172 
outlined in Soltanpour and Schwab (1977). Ca and Mg were determined in the saturation 173 
paste extracts by Atomic Absorption Spectrophotometry (Model 2380, Perkin Elmer Corp., 174 
Waltham, MA, USA).  175 
 176 
2.5. Statistical analysis 177 
Differences between each treatment (biochar, FYM and N fertiliser) in each year were 178 
compared by analysis of variance (three-way ANOVA) for each yield and soil quality 179 
parameter. The difference between year 1 and year 2 for yield and each soil quality 180 
parameter was compared by Student’s t-test (Minitab 12.0 software, Minitab Inc., PA, USA).   181 
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3. Results  182 
3.1. Yield and yield components 183 
The addition of FYM and N fertiliser significantly increased the yield of maize 184 
compared to the unamended control plots (Fig. 1; Tables 3 and 4). Biochar application 185 
significantly increased the grain yield in both years (P < 0.001), although there was little 186 
difference in grain yield between the 25 t ha-1 and the 50 t ha-1 biochar treatments (Fig. 1; 187 
Tables 3 and 4). Biological yield was significantly higher in both years in plots treated with 188 
biochar, although the number of grains per ear was only higher in the first year (P < 0.001) 189 
and an increase in the thousand grain weight was only significantly higher in the second 190 
year (Table 5). The addition of FYM in the treated plots made no significant difference to 191 
grain yield in either year (Table 5), although it did significantly increase the grains per ear, 192 
the thousand grain weight and the biological yield in year 1. Nitrogen fertiliser significantly 193 
increased the grain yield and grains per ear in the first year (P < 0.001), but this was not 194 
repeated in the second year (Table 5). Two-way interactions between the biochar, FYM and 195 
the N fertiliser significantly increased grain yield in the first year (P < 0.05), but not the 196 
second year (Table 5), when there was no significant interaction between all three 197 
treatments on any of the yield parameters measured.  198 
   199 
3.2. Soil properties 200 
 Overall, the addition of biochar made a significant difference to soil quality 201 
parameters in both cropping cycles (Table 6). There was a significant increase in soil pH (P < 202 
0.05) following biochar application, i.e. 7.18 ±0.11; 7.43 ±0.10; 7.65 ±0.20 for 0, 25 and 50 t 203 
ha-1 biochar addition respectively (data from both cropping cycles combined). 204 
  By year 2, soil organic carbon was significantly higher (P < 0.05) in plots amended 205 
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with biochar in year 1 (Tables 3 and 4;), with between 40 – 75 % more soil organic carbon in 206 
the plots containing 50 t ha-1 biochar compared to the plots containing 25 t ha-1 (Fig. 2a). 207 
Soil mineral N remained at a similar concentration from year 1 to year 2 for each treatment 208 
(Fig. 2b), and was not affected by the rate of N fertiliser that had been applied (half rate, 75 209 
kg ha-1 or full rate, 150kg ha-1). Although the concentration of soil N after the second year 210 
was significantly higher in plots amended with biochar at both 25 and 50 t ha-1 compared to 211 
the unamended plots (Table 4), overall, there was no significant interaction between 212 
biochar and the application of N fertiliser (Table 6). The addition of biochar at both rates 213 
increased the concentration of soil P in the first year (Fig. 2c; Table 3). In the 50 t ha-1 214 
biochar plots there was significantly more soil P compared to the plots containing 25 t ha-1 215 
(P < 0.01), and in the plots with 50 t ha-1 biochar the highest concentration of soil P was 216 
coupled with the full rate of FYM (Table 6). By year 2 however, in the biochar-amended 217 
plots the concentration of soil P had significantly declined (P < 0.01) compared to the 218 
concentration in year 1 (Fig 2c). In contrast, the increase in soil Ca/Mg was significantly 219 
higher after year 2 in plots amended with 50 t ha-1 biochar (Fig. 3a). Although there was a 220 
significant interaction effect between biochar, the FYM and the N (either singly or in 221 
combination with biochar) in year 1; by year 2 the concentration of soil Ca/Mg was not 222 
affected by either organic or inorganic fertilisers (Table 6). For K, the application of FYM and 223 
inorganic N fertiliser to the non-biochar-amended soil was no different to the control soil 224 
which contained neither fertiliser nor biochar (Fig. 3b), although there were significantly 225 
higher levels after the second year (P < 0.01). The application of 50 t ha-1 biochar 226 
significantly increased the concentration of K in the soil (Fig. 3b); particularly in the first year 227 
(Table 3) when there was a significant interaction between the biochar and the FYM and the 228 
N fertiliser (Table 6). Consequently, the effect of an increased concentration of ions in the 229 
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biochar-amended soil generated a significant increase in soil EC (Fig. 3c) in both year 1 and 230 
year 2 (Tables 3 and 4).  231 
 232 
4. Discussion 233 
There is a significant lack of data on biochar amendment of agronomic calcareous soils in 234 
semi-arid areas such as regions of northern Pakistan, but this study has shown that the 235 
application of FYM and synthetic N in combination with biochar had an overall positive 236 
effect on soil properties, and increased maize yield in the first year after application. While 237 
the short term impacts of biochar application are becoming clearer for temperate 238 
agricultural soils, we absolutely lack an adequate understanding of the longer-term impacts 239 
and implications of biochar use in the cereal cropping systems commonly used in South 240 
Asia. Following biochar application to temperate soils an initial transient flush of labile 241 
compounds into the rhizosphere can enhance nutrient cycling and increase crop yield 242 
(Quilliam et al., 2012). Similarly, biochar application to the nutrient poor soils of Pakistan 243 
used in these field trials increased maize yields after year one by approximately 20% 244 
although this magnitude of yield increase was not replicated in the second year, and the 245 
potential benefits of biochar addition to this  semi-arid calcareous agricultural soil appears 246 
to be short term or transient.  247 
In tropical acidic soils, biochar application can have a liming effect which is often 248 
associated with increased nutrient availability, e.g. phosphorus, and ultimately improved 249 
crop yield. Applying biochar to the alkaline soils used in this study increased the pH from 250 
7.18 to 7.43 and 7.63 respectively for the two biochar applications, which may have 251 
influenced the availability of some soil nutrients. In applied terms however, the increase of 252 
0.30 to 0.45 pH units probably made little difference to the availability of soil nutrients at 253 
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this near neutral pH. None of the nutrients we measured decreased with the increasing pH, 254 
and as the total yield was not negatively affected our data also suggests that the increasing 255 
pH did not facilitate plant toxicity of any other soil nutrients.   256 
Biochar application to agricultural soil can facilitate the sorption or stabilisation of 257 
solutes and nutrient ions, and reduce nutrient loss from leaching (Asai et al., 2009; Laird et 258 
al., 2010), and the maintenance of elevated levels of soil P and N after the second year 259 
harvest suggests that biochar can mediate the slow release of these nutrients (Mukherjee 260 
and Zimmerman, 2013). Depending on pyrolysis conditions, the total surface area and pore 261 
volume of biochar can be orders of magnitude greater than soil (Calvelo Pereira et al., 2011; 262 
Quilliam et al., 2013). Subsequently, biochar can provide multiple planar sites to strongly 263 
sorb soil mineral and organic compounds (Joseph et al., 2010), although cation exchange 264 
capacity and the hydrophobicity of the biochar surface can also significantly affect its 265 
sorptive ability (Pignatello, 2013). Absorption of nutrients contained within the inorganic N 266 
fertiliser and the FYM onto the surface of the biochar would effectively reduce 267 
bioavailability for microbial utilisation and prevent bound nutrients from being leached 268 
away following rainfall or irrigation and may reduce volatilization of NH3.  269 
After the second year, the biochar amended plots (at both application rates) had higher 270 
concentrations of P and N. Therefore, these macronutrients are not being retained in the 271 
soil for as long when applied in just a mix of FYM and synthetic N compared with when they 272 
were applied in tandem with biochar. As the yield was higher (or no different) in the 273 
biochar-amended soil compared to the soil containing the FYM and N, it is not plant uptake 274 
and subsequent harvest that is removing these nutrients in the non biochar-amended soils. 275 
Reports from tropical acidic soil show that biochar can bind nutrients to its surface, which 276 
allows them to remain in the soil for longer, e.g. not being leached away after a single 277 
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cropping season, and despite the higher pH of the calcareous soil used in this study, our 278 
results also suggest that biochar can retain nutrients such as P and N. Over time, these 279 
nutrients will slowly be released back into the soil resulting in a more sustainable use of the 280 
farmer’s original investment in synthetic fertiliser (Asai et al., 2009). In addition to the 281 
increased efficiency of nutrient input, incorporating biochar into agroecosystems has the 282 
potential to enhance wider ecosystem service delivery, for example, by reducing nutrient 283 
and pesticide mobilisation and transfer from soil into aquatic systems (Jeffery et al., 2013). 284 
 For this study we have applied fairly high rates of biochar in order to clearly 285 
demarcate potential differences between our treatments; however, there are also recent 286 
reports of lower biochar application rates being beneficial in calcareous soils (Zhang et al., 287 
2012; Ippolito et al., 2014). To produce such high quantities of biochar requires large 288 
volumes of feedstock, and there is justifiable concern about the implications of 289 
overharvesting existing forests for biochar production, as progressive deforestation in semi-290 
arid ecosystems has already led to the deterioration of a range of ecosystem services. In 291 
Pakistan, nearly 62% of the population live in rural areas and are reliant on agriculture for 292 
their livelihoods. Consequently, there is a significant dependence on fuelwood as a source of 293 
energy, and in a country that already has low forest cover (of about 4.80%), the high 294 
consumption rate of fuelwood per household per day (6.70 kg) is contributing to the 295 
unsustainable use of the country’s wood resources (Butt et al., 2013). In the rain-fed areas 296 
of Pakistan, e.g. the southern districts of Khyber Pakhtunkhwa, wild-growing Acacia is 297 
already seasonally pruned to make charcoal; however, any potential benefits of biochar 298 
application to agricultural soil are accompanied by some important trade-offs, such as the 299 
potential for deforestation and land degradation (Anjum et al., 2010), together with the 300 
behavioural and cultural implications associated with using a primary source of fuel as a soil 301 
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amendment (Maes and Verbist, 2012).  302 
 Environmental degradation in semi-arid regions, as a consequence of biochar 303 
production, is obviously not a sustainable strategy for improving soil nutrient use efficiency 304 
and delivering increased food security (Woolf et al., 2010). However, biochar can be 305 
produced from any organic material, and the pyrolysis of non-virgin feedstocks would allow 306 
the production of significant volumes of biochar without exacerbating the existing pressures 307 
on forest resources. Whilst there is the potential to produce biochar from ‘on-farm’ organic 308 
wastes, e.g. stover or maize cobs, in semi-arid agricultural systems much of this ‘waste’ 309 
biomass is already fully utilised, for example as animal feed, mulch or for constructing 310 
fences and roofs. Thus, short-term cycling of these streams of organic matter back through 311 
the agricultural chain is probably more beneficial than taking them out of the loop by 312 
converting them into biochar (Jones et al., 2013).  313 
 Our results have demonstrated that the integration of biochar with inorganic N 314 
fertiliser and FYM application at the field-scale can improve the productivity of maize and 315 
could provide a more sustainable input of N and P to soil. The soil used in this study has low 316 
levels of organic matter (Arif et al., 2015) therefore, augmenting the soil organic matter 317 
content with FYM can also promote nutrient cycling and the water holding capacity, and 318 
adding biochar to soil in Pakistan could improve yield responses to inorganic N and P 319 
fertilizers. For resource-poor farmers living with soil of intrinsically low fertility, the cost and 320 
availability of chemical fertilizers is often the most prohibitive constraint to increasing crop 321 
yields; therefore the sustainable management of nutrients is critical for maximising the 322 
efficiency of crop nutrient use. Incorporating FYM and biochar into an integrated nutrient 323 
management regime could be an important strategy for improving the overall farm 324 
productivity of cereal-based cropping systems in Pakistan. However, this needs critical 325 
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evaluation in a sustainable agricultural context. Central to this are participatory-based 326 
approaches to assess whether biochar can really make a practical contribution to agriculture 327 
in Pakistan by providing farmers with a sustainable solution to help alleviate the constraints 328 
driven by poor soil fertility (Arif et al., 2015). Crucially, an evaluation of the wider ecosystem 329 
services linked to the trade-offs associated with producing biochar in semi-arid ecosystems 330 
needs both careful consideration and robust evidence before it can be promoted as a 331 
sustainable option for optimising fertiliser use efficiency.  332 
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Fig. 1. Yield of maize in year 1 (grey bars) and year 2 (black bars) fertilised with FYM at either 471 
5 t ha-1 (half manure; HM) or 10 t ha-1 (full manure; FM) and N fertiliser, at either 75 kg ha-1 472 
(half fertiliser; HF) or 150 kg ha-1 (full fertiliser; FF). All plots were amended with biochar at 473 
the application rates of 0, 25 or 50 t ha-1. Control, 0 t ha-1 FYM, 0 kg ha-1 N fertiliser, and 0 t 474 
ha-1 biochar.  Asterisks indicate a significant difference between year 1 and year 2 data for 475 
each treatment at the *P < 0.05, **P < 0.01 and ***P < 0.001 level (T-test). Data points 476 
represent the mean of three replicates +SE.  477 
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Fig. 2. Soil organic carbon (a), mineral nitrogen (b) and extractable phosphorus following the 494 
harvest of maize in year 1 (grey bars) and year 2 (black bars). Plots had been fertilised with 495 
FYM at either 5 t ha-1 (half manure; HM) or 10 t ha-1 (full manure; FM) and N fertiliser, at 496 
either 75 kg ha-1 (half fertiliser; HF) or 150 kg ha-1 (full fertiliser; FF). All plots were amended 497 
with biochar at the application rates of 0, 25 or 50 t ha-1. Control, 0 t ha-1 FYM, 0 kg ha-1 N 498 
fertiliser, and 0 t ha-1 biochar. Asterisks indicate a significant difference between year 1 and 499 
year 2 data for each treatment at the *P < 0.05, **P < 0.01 and ***P < 0.001 level (T-test). 500 
Data points represent the mean of three replicates +SE. 501 
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Fig. 3. Soil extractable Ca/Mg (a), extractable potassium (b) and soil electrical conductivity 518 
following the harvest of maize in year 1 (grey bars) and year 2 (black bars). Plots had been 519 
fertilised with FYM at either 5 t ha-1 (half manure; HM) or 10 t ha-1 (full manure; FM) and N 520 
fertiliser, at either 75 kg ha-1 (half fertiliser; HF) or 150 kg ha-1 (full fertiliser; FF). Plots were 521 
amended with biochar at the application rates of 0, 25 or 50 t ha-1. Control, 0 t ha-1 FYM, 0 522 
kg ha-1 N fertiliser, and 0 t ha-1 biochar. Asterisks indicate a significant difference between 523 
year 1 and year 2 data for each treatment at the *P < 0.05, **P < 0.01 and ***P < 0.001 524 
level (T-test). Data points represent the mean of three replicates +SE. 525 
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Table 1: 526 
Description of treatment combinations used for each replicated (n = 3) experimental plot. 527 
Biochar (t ha-1) FYM (t ha-1) Feriliser N (kg ha-1) Abbreviationa 
0 0 0 Control 
0 5 75 B0-HM-HF 
0 5 150 B0-HM-FF 
0 10 75 B0-FM-HF 
0 10 150 B0- FM-FF 
25 5 75 B25-HM-HF 
25 5 150 B25-HM-FF 
25 10 75 B25-FM-HF 
25 10 150 B25-FM-FF 
50 5 75 B50-HM-HF 
50 5 150 B50-HM-FF 
50 10 75 B50-FM-HF 
50 10 150 B50-FM-FF 
aHM, half manure rate (5 t ha-1); FM, full manure rate (10 t ha-1);  528 
HF, half fertiliser rate (75 t ha-1); FF, full fertiliser rate (150 t ha-1) 529 
  530 
25 
 
Table 2: 531 
Chemical properties of the fresh biochar and Farmyard manure (FYM) prior to application to 532 
soil. 533 
 Biochar Farmyard manure 
pH 7.01 8.65 
EC (dS m-1)a 1.57 2.44 
C (g kg-1) 578 486 
P (g kg-1) 11.4 35.2 
N (g kg-1) 10.2 15.6 
Ca (g kg-1) 2.68 1.86 
Mg (mg kg-1) 10.0 112.6 
aEC, electrical conductivity 534 
  535 
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Table 3: Multiple pairwise comparisons (Tukey’s HSD) for each treatment for year 1 data 536 
 537 
 538 
 539 
 540 
 541 
 542 
 543 
 544 
 545 
 546 
 547 
 548 
 549 
 550 
 551 
 552 
 553 
 554 
Different letters within the same column indicates that the mean significantly differs from 555 
each other (one-way ANOVA, P < 0.001; Tukey multiple comparison test, P < 0.05). 556 
 557 
 558 
 559 
 560 
 561 
 Yield Soil C Soil N Soil P Ca/Mg Soil K Soil EC 
Control e b a d g e d 
       
B0-HM-HF d b a d f e d 
       
B0-HM+FF b,c,d a,b a d f e d 
       
B0-M+HF d b a d d,e d d 
       
B0-M+FF a b a d e,f e d 
       
B25-HM-HF a,b,c b a c d c b,c,d 
       
B25-HM+FF a,b,c b a c d c c,d 
       
B25-M+HF c,d a,b a c b,c,d c b,c,d 
       
B25-M+FF a,b a,b a c c,d c b,c,d 
       
B50-HM-HF a,b,c a,b a b b,c b a,b,c 
       
B50-HM+FF a,b,c a,b a b b,c a a,b,c 
       
B50-M+HF a,b,c a a a b a a 
       
B50-M+FF a,b,c a a a a a a,b 
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Table 4: Multiple pairwise comparisons (Tukey’s HSD) for each treatment for year 2 data 562 
 563 
 564 
 565 
 566 
 567 
 568 
 569 
 570 
 571 
 572 
 573 
 574 
 575 
 576 
 577 
 578 
 579 
 580 
 581 
 582 
 583 
 584 
 585 
 586 
 587 
 588 
 589 
 590 
 591 
 592 
 593 
 594 
 595 
Different letters within the same column indicates that the mean significantly differs from 596 
each other (one-way ANOVA, P < 0.001; Tukey multiple comparison test, P < 0.05). 597 
 598 
 599 
 600 
 601 
 602 
 603 
 604 
 605 
 Yield Soil C Soil N Soil P Ca/Mg Soil K Soil EC 
Control e f e f e e d 
       
B0-HM-HF d f e d,e e c,d,e d 
       
B0-HM+FF b,c,d f e d,e d,e d,e d 
       
B0-M+HF c,d e,f d,e e d,e c,d,e d 
       
B0-M+FF c,d d,e,f c,d c,d,e c,d,e b,c,d,e c,d 
       
B25-HM-HF a,b,c,d d,e a,b c,d,e b,c,d c,d,e a,b,c 
       
B25-HM+FF a,b,c,d d a,b,c c,d a,b,c c,d,e a,b 
       
B25-M+HF a,b,c,d c b,c c,d b,c b,c,d,e b,c,d 
       
B25-M+FF a,b c a,b c b,c a,b,c,d b,c,d 
       
B50-HM-HF a,b,c a,b a,b b a,b a,b,c,d a 
       
B50-HM+FF a a,b a,b a,b a,b a,b a,b,c 
       
B50-M+HF a,b a a,b a a,b a a,b,c,d 
       
B50-M+FF a,b,c b a a,b a a,b,c a,b,c 
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Table 5:  606 
Statistical P values for three-way ANOVA comparing differences in yield parameters. 607 
 
Grain yield Grains per ear 
Thousand  
grain weight 
Biological yield 
 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 
Biochar *** *** *** NS NS *** * *** 
FYM NS NS *** NS ** NS ** NS 
N fertiliser *** NS *** NS * NS *** NS 
Biochar*FYM * NS NS NS *** NS NS NS 
Biochar*N fertiliser ** NS NS NS NS NS NS NS 
FYM*N fertiliser ** NS NS NS NS NS NS NS 
Biochar*FYM*N fertiliser NS NS NS NS NS NS NS NS 
Asterisks indicate a significant difference at the *P < 0.05, **P < 0.01 and ***P < 0.001 level; NS, not-significant. 608 
 609 
  610 
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Table 6: 611 
Statistical P values for three-way ANOVA comparing differences in soil quality parameters. 612 
 Organic C Mineral N Phosphorus Ca/Mg Potassium EC pH 
 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 
Biochar *** *** * *** *** *** *** *** *** *** *** *** *** * 
FYM ** *** ** *** *** ** *** NS *** * NS * *** *** 
N fertiliser NS NS NS *** NS NS NS NS NS NS NS NS ** NS 
Biochar*FYM ** *** * * * * * NS *** NS NS *** *** *** 
Biochar*N fertiliser NS NS NS NS NS NS *** NS *** NS NS NS NS NS 
FYM*N fertiliser NS ** NS ** NS NS NS NS *** NS NS NS NS NS 
Biochar*FYM*N fertiliser NS * NS * NS NS *** NS NS NS NS NS NS NS 
 Asterisks indicate a significant difference at the *P < 0.05, **P < 0.01 and ***P < 0.001 level; NS, not-significant. EC, electrical conductivity. 613 
 614 
 615 
 616 
 617 
 618 
